SuperHERO is a new high-resolution, Long Duration Balloon-capable, hard-x-ray (20-75 keV) focusing telescope for making novel astrophysics and heliophysics observations. The SuperHERO payload, currently in its proposal phase, is being developed jointly by the Astrophysics Office at NASA Marshall Space Flight Center and the Solar Physics Laboratory and the Wallops Flight Facility at NASA Goddard Space Flight Center. SuperHERO is a follow-on payload to the High Energy Replicated Optics to Explore the Sun (HEROES) balloon-borne telescope that recently flew from Fort Sumner, NM in September of 2013, and will utilize many of the same features. Significant enhancements to the HEROES payload will be made, including the addition of optics, novel solid-state multi-pixel CdTe detectors, integration of the Wallops Arc-Second Pointer and a significantly lighter gondola suitable for Long Duration Flights.
INTRODUCTION
Over the past decade, focusing x-ray telescopes have transformed our understanding of the universe. The high signal to noise coupled with high angular resolution for space-based telescopes has resulted in discoveries related to nearly all types of celestial objects. 1, 2 In the soft X-ray (SXR) region (~0.1 to 10 keV), the Chandra X-Ray Observatory has dominated with over 6000 science papers published since its launch in 1999. 3 In the hard X-ray (HXR) region (10 to ~120 keV) the recently launched Nuclear Spectroscopic Telescope Array (NuSTAR) observatory is making a similar impact.
Replicated Optics to Explore the Sun). SuperHERO will also incorporate the astrophysical aspect system and Solar Aspect System (SAS) recently flown on the HEROES telescope. 8 Finally, for greatly improved pointing capability, which bears directly on sensitivity, the Wallops Flight Facility (WFF) Wallops Arc Second Pointer (WASP) will be incorporated into the SuperHERO gondola. 9 
Scientific Motivation
The high angular resolution afforded by focusing optics coupled to appropriately matched high-resolution detectors is essential for mitigating source confusion in crowded fields, for direct imaging of extended sources on fine spatial scales and for efficient observing through greatly-increased sensitivity. In the soft X-ray (SXR; 0.1-10 keV) regime, the Einstein Observatory, the first to use such optics, had a sensitivity several hundred times greater than any previous instrument and few-arcsec-level resolution, making counterpart identification possible. Chandra has improved on this by two orders of magnitude in sensitivity and an order of magnitude in angular resolution, resulting in a significant number of discoveries in the SXR regime.
Hard X-Ray (HXR) observatories (~10 keV to ~120 keV) are following suit, but are not yet able to offer the same high resolution afforded by SXR telescopes. The consequence is that the HXR spectral region, where non-thermal or extremely hot thermal processes dominate the emission, is still relatively unexplored. NuSTAR, a NASA Explorer-class mission that launched in 2012, is the first HXR focusing telescope in orbit. 7 NuSTAR has already amply illustrated the capability to make dramatic improvements in both sensitivity and angular resolution by utilizing grazing incidence optics coupled to matching focal plane detectors and has recently made multiple discoveries that highlight the extreme importance of this spectral region.
However, there is a clear desire in the x-ray community for a HXR telescope with better than 30 arcsec angular resolution at moderate energy resolution. 10, 11, 12, 13, 14 Several groups, including a group at NASA Marshall Space Flight Center (MSFC) have already developed HXR optics with improved performance over what is currently being flown. 15, 16, 17 SuperHERO will take advantage of the optics being developed at MSFC, which are much better than 30 arcsec, to provide an improved view of the HXR universe.
Heritage Payloads
The SuperHERO concept is based on two previous payloads: the High Energy Replicated Optics (HERO) and HEROES balloon-borne HXR telescopes. The MSFC-developed HERO telescope, which is the foundation on which HEROES was built, demonstrated the feasibility of flying high-resolution optics from a balloon platform when it captured the first focused HXR images from galactic sources using a prototype payload in 2001. 18 With further improvements in resolution of the x-ray optics and an increased sensitivity (109 x-ray mirror shells configured into 8 modules, coupled to matching gas-filled detectors at a focal length of 6 m), HERO obtained the first focused image of the Crab Nebula at HXR energies of 20-60 keV, revealing detail down to ~26 arcsec. 19 Building on the success of HERO, the MSFC-GSFC HEROES payload sought to observe the sun as well as astrophysical targets, during a single balloon flight. The ability to observe the Sun dictated the addition of a Solar Aspect System (SAS) and a mechanical shutter to protect the on-axis star camera during solar observations. 20 The HEROES telescope had a successful flight from Fort Sumner, NM on September 21, 2013 ( Figure 1 ) on a 39 mcf zero-pressure balloon. 21 This flight lasted for just over 27 hours, which is not atypical for a Conventional Balloon (CB) Flight. SuperHERO will be a next-generation payload with enhanced optics and all-new focal plane detectors on a gondola specifically designed for high-sensitivity measurements on an LDB flight (as opposed to a shorter CB flight). For optimum flight performance, SuperHERO must be significantly lighter than HERO/HEROES, which had a payload weight of ~5300 lbs, and have greatly improved pointing capability. To achieve this, the gondola and optical bench structures have been completely redesigned and the WASP pointing system has been incorporated into the design. SuperHERO will also use heritage technologies such as the HERO x-ray optics (with modifications), the HERO star camera, and the HEROES SAS and gondola electronics.
SUPERHERO CONCEPT
SuperHERO has been designed to have increased effective area, improved angular resolution and detector sensitivity, and pointing stability over that of the HEROES payload. Similar to HEROES, SuperHERO will have two aspect systems; one for astrophysical pointing (Star Camera) and one for solar pointing (SAS), so that both astrophysical sources and the Sun can be observed during the same flight. Some of the main components are shown in Figure 2 . Several of these will be discussed in more detail in the following subsections. 
SHUTTER
The SuperHERO gondola structure has been significantly lightened, so that it is suitable for an LDB flight that can last 2 weeks or longer. Concessions have also been made to ensure that SuperHERO will fit inside the maximum launch vehicle envelope for Antarctica. The Antarctica launch vehicle, dubbed the Boss, can accommodate payloads that are 31 feet or shorter in height and no closer than 5 feet horizontal distance to the launch vehicle. 22 SuperHERO just fits inside this envelope (Figure 2 ).
X-ray optics
Over the past decade, MSFC has been improving the angular resolution of HXR optics to the point they now routinely manufacture <26 arcsec HPD optics modules for flight payloads. 15, 23 Included in this HXR optics program are mirror modules produced for the ART-XC experiment to be flown on the Spectrum-Roentgen Gamma mission (~30 arcsec HPD) system performance up to ~30 keV and the flight-proven HXR mirrors flown on the HERO balloon-borne HXR telescope. These have been flight-tested several times since 2007 with the latest flight, on the High Energy Replicated Optics to Explore the Sun (HEROES) balloon-borne telescope, in 2013 September. 8 SuperHERO will reuse the HERO/HEROES optics and will add to the existing complement. An improved optical alignment method for mounting the optics will be used to improve overall angular-resolution.
The HERO/HEROES payload consists of 8 optics modules, each with 13 or 14 nested mirror shells (Figure 3 ). These shells are conical approximations to a Wolter-Type 1 geometry and are monolithic structures containing both 'parabolic' and 'hyperbolic' segments. They are fabricated using an Electroformed-Nickel-Replication (ENR) process, using a highstrength nickel/cobalt alloy. 24, 25, 26 The average angular resolution of these modules, measured during HERO pre-flight calibrations, was 25.4 arcsec Half-Power Diameter (HPD) measured at 35 keV 27 , or 2x better resolution than other HXR flight optics currently in use. 28 To enhance sensitivity on LDB flights, the number of mirror shells for SuperHERO will be increased to 19 shells per module. The additional mirror shells will improve the system effective area by about 25% at 40 keV and around 70% at 60 keV.
The HERO mirror shells have typical angular resolutions of ~15 arcsec HPD (and as good as 11.5 arcsec), but the modules have 25.4 arcsec average resolution (22.0 arcsec for the best module and 28.0 arcsec for the worst) mainly due to mounting errors. SuperHERO will take advantage of improved alignment techniques previously developed at MSFC for the Focusing Optics X-ray Solar Imager (FOXSI), to improve the overall module quality to ~20 arcsec HPD. Table 1 gives details of the HEROES payload mirror configuration as compared to that planned for SuperHERO, while Figure 4 shows the integrated PSF (simulated) for a SuperHERO module compared to a single HERO mirror shell, a HERO module and a NuSTAR module. Implementation of the new optical alignment technique, combined with the intrinsic properties of the ENR optics developed under the HERO program will provide the highest resolution currently available in HXR optics.
CdTe multi-pixel detectors
High angular resolution HXR optics require detectors with a large number of very fine pixels in order to correctly sample the telescope point spread function over the entire field of view. To ensure that the resolution of the optics is not compromised by the detectors, the detector pixel size must be small enough to oversample the point source image. For the 26 arcsec, 6-meter focal length HEROES mirrors, a pixel size of 250 µm will oversample the point source image by a factor of ~3. Of course, the detectors also must have high efficiency in the HXR region, good energy resolution, low background, low power requirements, and low sensitivity to radiation damage. 29 The ability to handle high counting rates is also desirable for efficient calibration.
Rutherford Appleton Laboratory (RAL) in the UK has been developing such a detector ( Figure 5 ). Dubbed HEXITEC, for High Energy X-Ray Imaging Technology, this Application Specific Integrated Circuit (ASIC), can be bonded to 1-or 2-mm-thick Cadmium Telluride (CdTe) or Cadmium-Zinc-Telluride (CZT), to create a fine (250 µm pitch) HXR detector. 30, 31 These provide much improved spatial resolution, oversampling the response of the telescope mirrors for improved angular resolution, as well as providing good energy resolution and quantum efficiency over all energies and the high rate capabilities needed (see Table 2 ) for solar observations. MSFC and GSFC have been working with RAL over the past few years using internal NASA funding to assess the possibility of adapting these detectors to be used with HXR focusing telescopes. To cover the full focal plane of a single optics module, the detectors must be tiled in a 2 x 2 array (160 x 160 pixels), necessitating a 1-mm gap between individual detectors. Each CdTe detector array will be slightly offset from the optical focus to prevent signal loss in the gap. The CdTe detectors will be procured by RAL from Acrorad.
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HEXITEC ASIC: Each HEXITEC ASIC is an array of 80 x 80 readout pixels on a pitch of 250 μm x 250 μm. During operation, charge is continuously read out from each of the CdTe detector pixels by a preamplifier, filtered by a 2 μs shaping circuit and fed to a peak-track-and-hold circuit to maintain the signal until it can be read out, minimizing pile-up issues. For each pixel, only the largest energy photon in each frame is readout.
Read-out logic controls the sequencing of data from the HEXTIEC ASIC pixel array. Programmable registers can be used to define regions of interest within the pixel array. These regions include those pixels that will be read out, those that will be powered down, and those that will receive the calibration input.
The HEXITEC ASIC pixel array is read out using a rolling shutter technique, so that 20 column outputs of each of the 80 rows are read out through an analog multiplexer. The ASIC has 4, 20 element multiplexers that read out continuously, allowing for the entire ASIC to be read out at around 10 kHz. This translates to a rate of >10M photons per second across the entire 80x80 array. At this rate, the ability to correct for charge sharing across pixels is still manageable. 34 A more detailed description of this ASIC can be found in the literature. 30, 31 Each CdTe detector is bump-bonded onto its own ASIC, and the ASIC is mounted to a heatsink. Each ASIC is also wirebonded to a simple PCB to connect to the readout board. The relative placement of the four chips in each 2 x 2 array is maintained by a cooling/alignment block that connects to the four heatsinks. Figure 5 shows images of the 3-side abuttable HEXITEC ASIC bump-bonded to a CdTe detector (and wirebonded to a PCB).
Front-End Electronics:
Data from each detector are read out and digitized by an instrument board. The instrument board consists of a Field Programmable Gate Array (FPGA), digitization circuitry, a memory unit, a USB test interface, voltage regulation, and temperature reading. The FPGA collects the digitized data from the ASICs, performs X-ray detection, and reports detected X-ray data including time and pixel number. X-ray detection is performed on the instrument because the raw digitized data are generated at a rate far beyond what can be stored or telemetered. The X-ray detection process reduces the data to a product that is both far more relevant and easier to store and telemeter. This board is currently being designed at GSFC through an internal effort.
Back-End Electronics:
The back-end electronics consist of an interface board and a power board. The interface board communicates with all of the instrument boards as well as the SuperHERO gondola system. It provides precise time synchronization, command distribution, thermal control, and data buffering to each connected instrument board. The gondola network acts as a store-and-forward interface for science data and experiment commands.
To obtain the energy resolution necessary to meet SuperHERO science requirements, the CdTe detectors will be cooled to at least 0 C, with active control provided by a thermo-electric Peltier cooler combined with a heater, as used on balloon-borne payloads such as InFOCuS 35 . Anticoincidence Shielding: Using a design similar to NuSTAR 36 and also to its precursor balloon payload HEFT, 37 the SuperHERO detector assembly will be surrounded by a graded-Z passive shield and a plastic-scintillator active shield ( Figure 6 ). The passive shield, primarily composed of lead, attenuates photons from all directions outside the FOV of the grazing-incidence optics. In addition to non-local photon background, cosmic rays interacting with the instrument, especially in the passive shield, produce secondary photons locally. The active shield surrounding the passive shield detects the passage of cosmic rays and operates in anti-coincidence with the CdTe detectors to veto out such locally produced background. The active shield is composed of two coupled pieces of plastic scintillator in light-tight housing, read out by a single 3"-diameter PMT.
Each detector assembly (i.e., each array of 4-detectors) with its shield will reside in a pressure vessel filled with dry nitrogen to mitigate arcing, condensation, and aid heat dissipation. A thin Al window will allow x rays through to the detectors and prevent visible sunlight from reaching the detector. The instrument board will also be enclosed within a pressure vessel.
Astrophysics Aspect System
The SuperHERO astrophysics aspect system will reuse the Day/Night star camera system currently on the HEROES payload. This system has flown several times on multiple payloads and consists of an Apogee Imaging Systems Alta F9 CCD (KAF-6303E), Takahashi lens (FSQ-106f/5.0) and B+W 090 filter that transmits above 600 nm. The star camera acquires star fields and matches them to star maps in its database to determine the current pointing direction and to derive offsets needed to slew to the desired position. Further detail on the star camera pointing algorithm can be found in [ 38 ] . Because the star camera has good sensitivity during the day-time (to magnitude of ~8, assuming at least a 30º elevation and 5º off-set from the Sun) and excellent sensitivity during the night-time (to fainter than 10 th magnitude), pointing solutions can be obtained throughout the night. 
SOLAR LENS MOUNT AND FILTER ASSEMBLIES
Currently, the star camera is mounted along one side of the HEROES payload and attached to the elevation flange located at the center of the optical bench ( Figure 7 ). On SuperHERO, the star camera will be mounted directly to the optics flange and a short (60 cm-long) baffle will be used to help block stray light (Figure 2 ). This baffle is significantly shorter than the one currently being used on HEROES (274 cm long).
In order to observe the Sun during the day and still be able to observe astrophysical objects during the night, the HEROES payload uses a shutter to protect the star camera from prolonged solar radiation exposure (Figure 3, Left) . This same shutter will be used on SuperHERO.
Solar Aspect System
The SAS will provide aspect knowledge (pitch, yaw, and roll) for control during solar observations and for post-flight analysis. The required precision of SAS must be better than the SuperHERO x-ray resolution of ~20 arcsec HPD. The SuperHERO pointing vector is defined by the optics, yet in order to determine solar coordinates on the detectors, the vector between the optics and detectors planes must also be measured. Previous experience has shown that with a 6-m optical bench, slight shifting may occur between the optics and detectors during flight. Therefore, the SAS must be able to measure this vector as well. To satisfy these requirements, the SAS consists of two Pitch/Yaw Aspect Systems (PYAS-F, PYAS-R) and the Roll Aspect System (RAS). These subsystems are identical to those being developed for HEROES.
Pitch/Yaw Aspect System:
The PYAS consists of two redundant sub-systems, the PYAS-Front and the PYAS-Rear (Figure 8 ). Aspect is measured by focusing an image of the Sun, filtered to a narrow wavelength, through a singlet plano-convex lens onto a screen 3 m away. The focused solar image on the screen is recorded by a 1 megapixel CCD camera pointed at the screen. Precise fiducials on the screen provide the locating information for the solar image and decouples the camera pointing from the aspect solutions. The PYAS will provide aspect solutions to the control system within 1º of the Sun. Thus, the central portion of the PYAS screen (10.5 cm in diameter) is critical. Each pixel corresponds to ~10 arcsec of sky and sub-pixel sampling has already been achieved. All frames are processed on a single board computer in real-time to obtain the location of the Sun center in sky coordinates at a frequency of 0.25 Hz. The solution from the active PYAS is send to the pointing control system. Every image is also stored so that higher-fidelity algorithms can be used to process the data on the ground. This design has been flight proven by HEROES with good results. Comparing the solar positions between the PYAS-F and PYAS-R provides a measurement of the alignment between the optics and detector plane, and the direct connection between the two systems at the elevation flange's bulkhead reduces alignment error. A more complete description of the PYAS and performance during the HEROES flight can be found in [ 39 ] . Figure 8 . The Pitch/Yaw Aspect System (PYAS) is shown. These bulkheads attach to the HEROES optical bench. However, for SuperHERO, the PYAS will be mounted down the center of the optical bench. Roll Aspect System: Since roll is not controlled during flight, the RAS is used to provide only post-flight pointing knowledge. RAS is an optical horizon sensor that uses two mirrors to view opposite horizons on a single CCD camera. The systematic motion of the combination of the two horizons provides relative roll knowledge with an accuracy of less than a few arcmin. Pendulation is expected to have amplitude no greater than 1º with a period of around 30 s. Aspect knowledge will be obtained by post-flight processing of images from the camera that are recorded to onboard solid-state storage at a rate of up to 10 Hz. Gondola Structure.
Gondola and Optical Bench
To accommodate an LDB flight, SuperHERO must be significantly lighter than HERO/HEROES, which were designed for a shorter CB flight. A significant portion of the weight of the payload comes from the gondola and optical bench structures. Based on the SuperHERO model and experience from past flights, the total estimated mass for the current SuperHERO design is 1,952 lbs. This weight is for the science payload only and does not include ballast, support electronics supplied by the Columbia Scientific Balloon Facility (CSBF), the parachute or flight line. The total estimated suspended weight is 1,952 lbs science + 1000 lbs ballast + 1,350 lbs CSBF support equipment and flight line = 4,302 lbs. Every effort is being made to reduce this further, as the total payload weight has direct bearing on the duration of the flight.
Gondola:
The design for the SuperHERO gondola utilizes light-weight structures for mounting the solar panels, ballast hoppers, electronics platform and the WFF developed WASP system. WASP, which will be used to point the telescope, attaches to the optical bench structure to which the optics, detectors and aspect systems mount. The gondola structure that attaches to the WASP and optical bench uses sandwich panel plates with a center frame of steel tubing welded to WASP. The sandwich plates are connected to one another using graphite fiber-epoxy wound tubes. Tension cables attach the gondola to a rotator (supplied by WFF), which then attaches to the flight line (parachute and balloon).
Optical Bench: The 6 m -long optical bench is an open-truss structure made of graphite fiber/epoxy wound tubes that have a near zero Coefficient of Thermal Expansion (Figure 2 ). Aluminum honeycomb core plates with carbon fiber face sheets are used to add strength and stability. The central elevation flange has a steel frame to distribute the loads from the vertical motion axis bearing attach points. The optics will be protected by a Kevlar cover, transparent to x rays in the SuperHERO energy range. SuperHERO WASP: SuperHERO will utilize a high-accuracy attitude control system under development at WFF for balloon-borne payloads that require inertial pointing at the arc-second (or better 40 ) level. WASP is intended as a flexible system for the ballooning community that can accommodate a wide range of science instruments and mission performance requirements in a re-usable package. Figure 9 shows the WASP system mounted in a flight configuration. The pointer utilizes a pitch/yaw articulated gimbal, which decouples the mounted 'telescope' from perturbations of the gondola. The range of motion of the gimbals is purposely small to improve control, with the gondola providing the coarse azimuth targeting and stabilization.
A key factor in the performance of the WASP system is the design of the gimbal hubs. The two pointing axes utilize high-precision angular contact bearings with the central shaft of each hub constantly driven to eliminate static friction and each hub pair counter rotated to reduce kinetic friction. Control is provided by large-diameter brushless torque motors. Instrument attitude is derived from a NorthropGrumman inertial navigation plus global positioning system with fiber optic gyros. Inertial rates from this unit are used to derive appropriate torques via a Proportional Integral Derivative controller in each axis. 41 These flights have demonstrated the capability of the WASP system to deliver sub-arcsec pointing control 40 , far exceeding SuperHERO requirements. The SuperHERO optical bench footprint fits within the current WASP gimbal design and the bench mass and length are similar to the dummy 'telescopes' flown in the test program.
Electronics and Software: SuperHERO will make use of the electronics and software to support the aspect systems, command and data handling, housekeeping, flight data recorder, and Ground Support Equipment that was developed for the HERO and HEROES payloads. Hardware modifications for interfacing to the HEXITEC detectors will include additional flight data recorder storage capacity, additional interfaces (network, serial, etc.), temperature and state monitors, and power-system load protection. Software modifications for interfacing to the HEXITEC detectors include command forwarding, data packet formatting, time synchronization, and modifications to ground support software.
LONG DURATION BALLOON FLIGHT
Working with the Columbia Scientific Balloon Facility (CSBF) personnel, flight profiles for a SuperHERO LDB flight as a function of science payload weight have been estimated. These profiles assume a track over the heart of the Antarctic Plateau. The simulations were ended when the ballast ran out. These profiles are meant to provide an estimate of typical profiles one might expect and can vary greatly depending on the actual weather conditions. The current estimated SuperHERO mass is < 2,000 lbs. However, to err on the high-side, an estimate flight profile for a slightly heavier science payload of 2,500 lbs is compared to that of 3,500 lbs ( Figure 10 ). These estimates assumed 1,000 lbs of ballast, a minimum acceptable altitude of 36.5 km, and 1,350 lbs of CSBF support electronics and parachute + flight line. The total suspended weight (i.e., the weight suspended below the balloon) takes into account the weight of the science payload, ballast and the flight line, which includes the cabling and parachute. The resulting flight profiles for both payload weights are plotted in Figure 10 . SuperHERO can expect to get a flight lasting 12 to 14 days, assuming a science payload not exceeding 2,500 lbs, though the goal would be to fly as high as possible, for as long as possible.
SENSITIVITY ESTIMATES
The longer flights afforded by LDB missions combined with SuperHERO's appreciable effective area results in improved sensitivity for both astronomical and solar observations.
The flux sensitivity of a balloon-borne focusing telescope is given by:
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Where: 
E is the width of the energy interval (keV).
The total effective area of the SuperHERO payload was determined for 152 optics arranged in 8 modules, with shell diameters from 44 mm to 95 mm and graze angles ranging from 6.7 arcmin for the outer mirrors to 3.15 arcmin for the inner ones. It was assumed that the iridium coating has 90% bulk density. The detector background area per module was taken to be 3 x the measured mirror HPD giving a total background area of 8 x 4x10 -2 cm 2 . This collection area was taken to contain 80% of the total mirror flux. The quantum efficiency for the CdTe detectors is estimated to be similar to the NuSTAR CZT detectors. Integration times of 5.04 x 10 5 s were used, which assumes an observation of 10 hours per day over a 2-week long flight; typical for a LDB mission. ), as recorded by their actively shielded CZT detectors. 42 An additional 2 to 3 times this background is expected for Antarctica. A float altitude of ~ 38.5 km (3.2 mbar) and an elevation angle of 45° have been used to calculate atmospheric absorption. For the actively shielded SuperHERO detectors, a conservative background value of ~3x10 -3 cts s -1 cm -2 kev -1 was used for these sensitivity calculations. To put these numbers in perspective, example astrophysical targets and their expected count rates are listed in Table 4 . A science payload weight of 2500 lbs and an average altitude of 38.5 km were assumed for these estimates. The pertinent solar science will focus on the coronal HXR emission in solar flares and quiet-Sun emission. Focusing on solar flares, the estimated count rate from an M1 (GOES class) flare after atmospheric attenuation is >200 counts per second in each detector. With its high sensitivity, SuperHERO will be able to observe the faint HXR emission from electrons streaming down the legs of a magnetic loop or escaping along open magnetic field lines. With its fine angular resolution, SuperHERO will be able to observe the morphology of flares with multiple HXR sources and, in larger flares, spatially resolve them (e.g., footpoints, loop-top sources, and above-the-loop-top sources). With its high dynamic range, SuperHERO will be able to observe the faint sources of HXR emission even in the presence of nearby bright HXR footpoints.
The HXR spectrum of the so-called quiet Sun, which ignores sunspots and active regions, is an important but difficult measurement. Observing it can provide information about the nature of the small-scale steady state energization processes of the solar corona and constrain models of coronal heating that require high temperatures or nonthermal particles. The presence of nonthermal electrons in the quiet Sun has been inferred from radio observations 17 , but no HXR emission has so far been detected. SuperHERO will improve upon past searches for the HXR signature of energetic electrons in the non-flaring corona. Unlike the "fan-beam modulation" method used for the Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI) search, direct imaging allows SuperHERO to use the pixels that are not observing the Sun to concurrently measure the non-solar background affecting the solar-observing pixels. In addition, SuperHERO may be able to image bright individual events. With its unprecedented sensitivity, SuperHERO will confirm after only ~4 hours of observation the RHESSI limits, which took 11.9 days of observations. Further time will improve the limits and/or detect the HXR signature of nanoflares.
DISCUSSION AND CONCLUSIONS
SuperHERO is a new high-sensitivity Long Duration Balloon (LDB)-capable, hard-X-ray (20-75 keV) telescope for making novel astrophysics and heliophysics observations during the same balloon flight. SuperHERO will have the highest system angular resolution (~20 arcsec HPD) of any HXR telescope to date and will have significantly improved sensitivity over that of the HERO and HEROES missions. This improved sensitivity comes from increased effective area (95 cm 2 at 40 keV and 18 cm 2 at 70 keV), enhanced pointing capability afforded by WASP (of 1 arcsec or better), improved background rejection and a longer duration flight.
A LDB flight from Antarctica will not only allow for complementary NuSTAR observations, but will also provide the highest angular resolution HXR observations to date for a variety of astronomical objects from supernova remnants to active galaxies. SuperHERO hopes to help answer questions regarding the origin and evolution of the universe through the study of acceleration mechanisms, accretion physics and matter under extreme conditions. During the day, SuperHERO will observe the HXR Sun with >10x better sensitivity and 50x more dynamic range than the best solar observations to date, currently provided by the RHESSI satellite. RHESSI uses non-focusing rotationmodulation collimator to image HXRs. Such indirect imaging has limited dynamic range and sensitivity. Direct imaging of the Sun through SuperHERO's focusing optics combined with small solid-state pixelated detectors overcomes both of these deficiencies.
Currently, the SuperHERO design and HEXITEC flight detector developments are supported internally at NASA MSFC and GSFC. A proposal for the complete development and LDB flight is underway. The ultimate goal of the effort is to fly this telescope on a NASA "Explorer" spacecraft, as the next generation HXR telescope; standing on the shoulders of NuSTAR, which is currently paving the way for exploration in this wavelength region.
